Xing J, Zhang Z, Mao H, Schnellmann RG, Zhuang S. Src regulates cell cycle protein expression and renal epithelial cell proliferation via PI3K/Akt signaling-dependent and -independent mechanisms. Am J Physiol Renal Physiol 295: F145-F152, 2008. First published April 23, 2008 doi:10.1152/ajprenal.00092.2008.-Our recent studies showed that Src family kinases (SFKs) are important mediators of proliferation in renal proximal tubular cells (RPTC). In this study, we elucidate the signaling mechanisms that mediate SFK regulation of cell proliferation and cycle protein expression, and identify the SFK member responsible for these responses in a mouse RPTC line. Akt, a target of phosphoinositide-3-kinase (PI3K), and ERK1/2 were constitutively phosphorylated in RPTC cultured in the presence of serum. While treatment of cells with PP1, a specific SFK inhibitor, completely blocked phosphorylation of ERK1/2 and Akt, only inhibition of PI3K/Akt resulted in decreased RPTC proliferation. Incubation of cells with PP1 decreased cyclin D1 expression, decreased p27 and p57 phosphorylation, and increased p27 and p57 expression, two cyclin-dependent kinase inhibitors. Inhibition of the PI3K pathway decreased expression of cyclin D1 without altering expression of p27 and p57. In contrast, PP1 and PI3K inhibition had no effect on cyclin E and p21. Although RPTC expressed Src, Fyn, and Lyn, only siRNA-mediated knockdown of Src decreased RPTC proliferation, decreased cyclin D1 expression, and increased p27 and p57 expression. These data reveal that Src is a crucial mediator of RPTC proliferation and Src-mediated proliferation is associated with PI3K-dependent upregulation of cyclin D1 and PI3K-independent downregulation of p27 and p57.
signal transduction processes; tissue regeneration THE SRC FAMILY KINASES (SFKs) are a subclass of membraneassociated nonreceptor tyrosine kinases (RTKs) involved in a variety of signal transduction processes, including proliferation, migration, adhesion, and differentiation (15, 36) . Of the nine known members of the Src family, six (Lyn, Lck, Hck, Blk, Fgr, and Yrk) are expressed primarily in hematopoietic cells (36) , whereas three (Src, Yes, and Fyn) are expressed ubiquitously (19) . All SFKs have a common structure and mode of regulation. Tyr416 is an autophosphorylation site that is highly conserved and phosphorylation of this residue leads to Src activation (3, 18) . SFKs are involved in the signaling of many receptor tyrosine kinses including epidermal growth factor (EGF) receptor, fibroblast growth factor (FGF) receptor, insulinlike growth factor-1(IGF-1) receptor, and hepatocyte growth factor (HGF) receptor (3) . These receptors are expressed in renal epithelial cells and mediate cell proliferation (27) .
SFKs activate multiple intracellular signaling pathways including phosphoinositide-3-kinase (PI3K) and extracellular signaling-regulated kinase1/2 (ERK1/2). Both pathways are activated in response to stimulation by a variety of growth factor receptors. Akt/protein kinase B has been identified as a downstream target of PI3K. Activated Akt and ERK1/2 translocate to the nuclei and transactivate transcription factors, changing gene expression to promote cell proliferation in different models. Our previous studies showed that PI3K, but not ERK1/2, mediates cellular proliferation in the primary culture of rabbit renal proximal epithelial cells (43) .
Proliferation signals are required for cell progression through the various steps of the cell cycle. The cell cycle is tightly controlled by both positive and negative regulators. Positive regulators include the cyclins and their catalytic partners cyclin-dependent kinases (CDK), which are essential for cells to progress through each phase of the cell cycle (10, 37) . Negative regulators include the cyclin kinase inhibitors (CKI) which inhibit the cell cycle at multiple checkpoints through inactivation of cyclin-CDK complexes (10) . Cyclin D1 and cyclin E are two of the major cyclins involved in cell cycle progression and p21, p27, and p57 are three CKI, which bind to the cyclin-Cdk2 complex to inhibit the kinase activity and prevent transition to the S phase (10, 37) . Cyclins and CKI are regulated by transcriptional and posttranscriptional-dependent mechanisms that are linked to a variety of signaling pathways including PI3K/Akt and ERK1/2 (9, 22, 23, 31) . Recently, it was reported that Src and Fyn can directly phosphorylate p27 at tyrosine residues, and promote its degradation by the SCF-SKP2 ubiquitin-proteasome pathway in breast cancer cells (4, 11) .
Several lines of evidence suggest the importance of the SFKs in tissue regeneration. Yamada et al. (40) showed that activated Src is localized to the edge of scrape wounds made in keratinocyte monolayers. Takikita-Suzuki et al. (35) demonstrated that active Src is expressed in renal tubular cells after renal ischemia-reperfusion injury. Recently, we found that activation of Src regulates proliferation of renal proximal tubular cells (RPTC) following oxidant injury (44) . However, the specific SFKs that are involved in and the signaling pathway that transduces SFK activation to cell proliferation remain to be studied in renal epithelial cells.
The purpose of this study was to identify the SFK(s) responsible for growth and proliferation, and to elucidate the signaling mechanisms that mediate SFK regulation of cell cycle protein expression in a mouse RPTC line.
MATERIALS AND METHODS
Chemicals and reagents. PP1 and PP3 were purchased from Biomol Research Laboratories (Plymouth Meeting, PA). U0126 and LY294002 were obtained from Calbiochem (San Diego, CA). Antibodies to phospho-Akt (Tyr473), Akt, phospho-ERK1/2 (Thr202/ Tyr204), phospho-Src (Tyr416), phospho-p27 (Thr187), Src, Fyn, Lyn, and Yes were purchased from Cell Signaling Technology (Danvers, MA). Antibodies to cyclin D1, cyclin E, p27, p57, and p21, siRNA for Fyn and Lyn, as well as scrambled siRNA were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). siRNA for Src was purchased from Dharmacon (Lafayette, CO). All other chemicals were from Sigma (St. Louis, MO).
Cell culture. Immortalized mouse RPTC were kindly provided by Dr. E. Bello-Reuss and were cultured in DMEM/F12 with 5% FBS at 37°C in 5% CO 2. This cell line has been well characterized and expresses P-glycoprotein, has a brush border, and demonstrates a conserved epithelial morphology (6) . In experiments using pharmacological inhibitors, control cells were treated with an equivalent amount of vehicle. For some experiments, trypan blue and 4Ј-6-diamidino-2-phenylindole (DAPI) staining were conducted to determine necrotic or apoptotic cells, respectively.
Transfection of siRNA into cells. A pool of three to four complementary siRNA oligonucleotide duplexes targeted specifically to mouse Src, Fyn, or Lyn was used in this experiment. c-Src, Fyn, or Lyn siRNA (2 M) was transfected into RPTC using the Nucleofector Kit V and the Amaxa Nucleofector device according to the manufacturer's instructions (Gaithersburg, MD). In parallel, scrambled siRNA (2 M) was used to control for off-target changes in RPTC. After transfection, cells were cultured for 48 h in the DMEM with 0.5% serum and then switched to the same culture medium with 5% FBS for an additional 48 h before cell proliferation was measured.
MTT assay. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) was added (final concentration, 0.5 mg/ml) to individual cultures for 1 h. Tetrazolium was released by dimethyl sulfoxide, and the optical density was determined with a Spectramax M5 plate reader.
Cell proliferation assay. The assay was performed using a CyQUANT cell proliferation assay kit (Molecular Probes, Eugene, OR). At the end of various treatments, the cells were harvested, stored for overnight at Ϫ70°C, thawed at room temperature, and the CyQUANT GR dye/cell lysis buffer was added. After incubating for 5 min, the fluorescence was measured using a Spectramax M5 plate reader.
BrdU incorporation assay. The assay was performed using a colorimetric BrdU cell proliferation enzyme-linked immunosorbent assay kit (Roche Applied Science, Penzberg, Germany). Briefly, BrdU labeling solution was added to cells and then incubated for 4 h. At the end of incubation, the labeling medium was removed, the cells were fixed, and the DNA was denatured. After addition of the anti-BrdUperoxidase conjugate, the immune complexes were detected by subsequent reaction with tetramethylbenzidine as substrate for 20 min. The reaction product was quantified using a Spectramax M5 plate reader.
Protein determination. Protein concentrations were determined using the bicinchoninic acid assay method as described by Sigma.
Immunoprecipitation. Cells were harvested in RIPA buffer and 1 mg total protein was incubated overnight with an antibody against phosphotyrosine proteins (PY20) at a concentration of 4 g/ml. The immune complexes were collected and the pellets were analyzed by SDS-PAGE.
Immunoblot analysis. Equal amounts of cellular protein lysate were separated on 10% polyacrylamide gels and transferred to polyvinylidene difluoride membranes. After treatment with 5% skim milk at 4°C overnight, membranes were incubated with various antibodies for 1 h and then incubated with an appropriate horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Bound antibodies were visualized following chemiluminescence detection on autoradiographic film.
Statistical analysis. Each experiment was conducted three times. Data are presented as means Ϯ SD and were subjected to one-way ANOVA. Multiple means were compared using Tukey's test. The differences between two groups were determined by Student's t-test. P Ͻ 0.05 was considered a statistically significant difference between mean values.
RESULTS
Mouse RPTC express multiple SFKs. SFKs are composed of nine members in mammalin cells, of which Src, Fyn, Yes are expressed widely (5) and Lyn has been shown to be expressed in bronchial epithelial cells (42) . We first examined the expression of these SFKs in RPTC whole cell lysates by immunoblot analysis using specific antibodies to Src, Fyn, Yes, or Lyn. As shown in Fig. 1 , Src, Fyn, and Lyn were highly expressed in RPTC, and Yes was expressed at low levels. Actin was used as a loading control. Therefore, Src, Fyn, and Lyn are the three major SFKs expressed in RPTC.
SFK activity is required for RPTC proliferation. To investigate the overall function of SFKs in renal epithelial cell proliferation in vitro, we cultured RPTC in the DMEM with 5% FBS for 24 h and then added PP1, a selective SFK inhibitor (14) , or PP3, an analog of PP1 without the ability to inhibit SFKs. After incubation for an additional 48 h, RPTC monolayers reached confluence in cells treated with vehicle or 10 M PP3. In contrast, RPTC growth was inhibited in the presence of 10 M PP1 ( Fig. 2A) .
PP1 decreased RPTC proliferation in a concentration-dependent manner. Using the MTT assay, a significant reduction in cell number was observed when RPTC were treated with 1 M PP1 and further decreased with increasing concentrations of PP1. At 20 M PP1, RPTC proliferation was inhibited by ϳ50%. In contrast, RPTC proliferation was not affected in cells treated with the same concentration of PP3 (Fig. 2B) . To confirm these observations, we measured monolayer DNA content and BrdU incorporation. As shown in Fig. 2 , C and D, PP1 treatment for 24 h decreased RPTC proliferation. Decreases in cell growth were not caused by cell death under these conditions because treatment of cells with PP1 did not increase trypan blue or DAPI-positive staining cells (data not shown). These data reveal that SFKs are critically involved in proliferation of RPTC in response to serum growth factors.
SFK mediates phosphorylation of Akt and ERK1/2. The PI3K/Akt and ERK pathways mediate cell proliferation in Fig. 1 . Expression of Src family kinases in renal proximal tubular cells (RPTC). RPTC were cultured for 24 h and then cell lysates were prepared and subjected to immunoblot analysis using antibodies to Src, Fyn, Lyn, Yes, or actin. different cell types and these pathways can be activated by multiple stimuli (16, 20) . To assess whether SFK activate these two pathways in RPTC, we determined the effect of PP1 treatment on PI3K/Akt and ERK1/2 activation in the presence of serum. PI3K and ERK1/2 activation was measured using immunoblot analysis and antibodies that recognize phosphorylated Akt (p-Akt; a target of PI3K) and ERK1/2 (p-ERK1/2), respectively. Total Akt and ERK1/2 content was measured using immunoblot analysis and antibodies that recognize the Akt and ERK1/2 independent of their phosphorylation state. Constitutive phosphorylation of Akt and ERK1/2 was observed in RPTC undergoing proliferation and was blocked by PP1 in a concentration-dependent fashion (Fig. 3) . At 20 M, PP1 completely blocked phosphorylation of Akt and ERK1/2. In addition, we monitored SFK activation using the phosphospecific antibody to pY416 in the presence and absence of PP1. This antibody recognizes the conserved phosphotyrosine residue in the activation loop of SFKs (33, 39) . SFKs were constitutively phosphorylated in proliferating RPTC and PP1 reduced SFKs phosphorylation in a concentration-dependent manner (1ϳ20 M; Fig. 3 ). These data illustrate that the PI3K and ERK1/2 pathways are activated and regulated by SFKs during RPTC proliferation.
PI3K but not ERK mediates RPTC proliferation. To determine whether PI3K/Akt and/or ERK1/2 activation mediates RPTC proliferation, we assessed proliferation in the presence and absence of the PI3K inhibitor LY294002 (20 M) (38) and the MEK1/2 inhibitor U0126 (10 M) (7). Inhibition of PI3K decreased proliferation (Fig. 4) . In contrast, inhibition of MEK1/2, the direct upstream activator of ERK1/2, with increasing concentrations of U0126, had no effect on proliferation. LY294002 (20 M) blocked Akt phosphorylation and 10 M U0126 blocked ERK1/2 phosphorylation of RPTC, ensuring their efficacy in this model (Fig. 4) . It should be noted that the LY294002 inhibited cell proliferation to a smaller degree (29%) compared with PP1-treated cells (58%; Figs. 2B, 4A).
LY294002 treatment did not induce RPTC necrosis and/or apoptosis under these conditions as determined by trypan blue and DAPI staining (data not shown). These data illustrate that the PI3K/Akt, but not ERK, pathway mediates proliferation in this model and that Src-mediated proliferation in RPTC may be through PI3K-dependent and -independent pathways.
Role of SFK and PI3K in cell cycle protein expression. Cell proliferation is regulated positively by cyclins and negatively by CKI (37) . Two cyclins (cyclin D1 and cyclin E) and three CKI (p21, p27, p57) are major cell cycle regulators (37) . To investigate the role of SFK in regulating the expression of cyclin D1, cyclin E, p21, p27, and p57, we examined the expression of these proteins in the presence or absence of PP1 at different time points (2-24 h). As shown in Fig. 5 , PP1 treatment resulted in a decrease in the expression of cyclin D1, which was observed at 4 h and further decreased over time. At 24 h, cyclin D1 was not detectable. In contrast, expression of cyclin E was not affected by PP1 at any time point. Similarly, p21, p27, and p57 expression patterns differed in response to SFK inhibition. Expression of p57 and p27 increased at 4 and 8 h, respectively, after PP1 treatment and was sustained for 24 h. However, p21 expression was not altered over the time course. Therefore, expression of cyclin D1, p27, and p57, but not cyclin E and p21, is under the control of SFKs in RPTC grown in the presence of serum.
Because Fig. 3 revealed that activation of the PI3K pathway is regulated by SFKs and involved in RPTC proliferation, we examined the effect of PI3K inhibition on the expression of these cell cycle proteins. Similar to PP1, LY294002 treatment decreased expression of cyclin D1 and did not alter cyclin E and p21 expression after 24 h. Interestingly, LY294002 did not stimulate or inhibit the expression of p27 and p57 (Fig. 5B) . Therefore, we suggest that SFKs regulate cell cycle protein expression through two mechanisms: 1) Src-mediated cyclin Fig. 4 . Effect of ERK1/2 and PI3K pathway inhibitors on RPTC proliferation. RPTC were cultured in the presence of serum for 24 h and then incubated for an additional 48 h with 10 M U0126 or 20 M LY294002 (A), or various concentrations of U0126 as indicated (B). Cell proliferation was determined using the MTT assay. Data are expressed as means Ϯ SD of the percentage of MTT activity compared with controls grown with diluent (n ϭ 3). *P Ͻ 0.05, compared with control group. B: RPTC were cultured for 48 h and then treated with 10 M U0126 or 20 M LY294002 for 30 min. Cell lysates were prepared and subjected to immunoblot analysis using antibodies to phospho-ERK1/2, phospho-Akt, total ERK1/2, or total Akt. Representative immunoblots from 3 or more experiments are shown. . Cell lysates were prepared and subjected to immunoblot analysis using antibodies to cyclin D1, cyclin E, p27, phospho-p27 (T187), p57, p21, or actin (A, B) . Tryosine-phosphorylated proteins were immunoprecipitated from cell lysates using PY20. Precipitates were analyzed using antibodies to p27 or p57 (C). Representative immunoblots from 3 or more experiments are shown.
D1 expression through activation of the PI3K/Akt pathway and 2) Src-regulated expression of p27 and p57 through a PI3K-independent mechanism.
Inhibition of SFKs leads to dephosphorylation of p27 and p57. Recently, it was reported that Src and Lyn can directly phosphorylate tyrosine on p27 and reduce its inhibitory action on cyclin E-CDK2, facilitating subsequent p27 proteolysis through SKP2 ubiquitin ligase-dependent mechanism in breast cancer cells (4, 11) . To determine whether SFK activity is required for phosphorylation of p27 and p57 in proliferating RPTC, we examined the effect of PP1 on tyrosine phosphorylation of p27 and p57. Because specific antibodies to tyrosinephosphorylated p27 or p57 are not commercially available, we immunoprecipitated tyrosine phosphoproteins using PY20 and then analyzed p27 and p57 using their specific antibodies. As shown in Fig. 5 , tyrosine-phosphorylated p27 and p57 were constitutively expressed in RPTC grown in serum containing medium and their phosphorylation was inhibited at 24 h in the Fig. 6 . Effect of specific siRNA on Fyn, Lyn, or Src expression. RPTC were transfected with scrambled siRNA or siRNA specific to Fyn, Lyn, or Src and then cultured for 48 h in DMEM with 0.5% FBS. Cells were harvested and immunoblot analysis was carried out using antibodies against Fyn, Lyn, Src, or actin. Representative immunoblots from 3 experiments are shown (A, C, E). Expression levels of Fyn, Lyn, or Src were quantified by densitometry, and expressed as the percentage of individual protein levels in RPTC treated with the scrambled siRNA (B, D, F). Fig. 7 . Effect of siRNA specific to Fyn, Lyn, or Src on RPTC proliferation. RPTC were transfected with scrambled siRNA or siRNA specific to Fyn, Lyn, or Src and then cultured for 48 h in DMEM with 0.5% FBS and then incubated in 5% FBS for an additional 48 h. Cell numbers were evaluated using the MTT and Brdu incorporation assay. Data are expressed as means Ϯ SD of the percentage of MTT activity or Brdu incorporation relative to that in cells transfected with scrambled siRNA (n ϭ 3). *P Ͻ 0.05, compared with control groups treated with the scrambled siRNA. presence of PP1. Therefore, SFK activity is also required for the regulation of p27 and p57 tyrosine phosphorylation.
Phosphorylation of p27 at threonine187 has been reported to promote the interaction of p27 with Skp2 ligase, which results in its degradation (4) . Accordingly, we also examined the effect of PP1 on p27 phosphorylation at T187 by immunoblot analysis using an antibody against phosphorylated p27 at threonine 187. p27 Phosphorylated at this residue was constitutively expressed in RPTC grown in serum containing medium and its phosphorylation was inhibited by PP1 (Fig. 5A ). This inhibition was observed at 8 h and was persistent at 24 h. Interestingly, p27 phosphorylation status and its expression levels were reciprocally changed: p27 dephosphorylation at T187 was accompanied by increased p27 expression. These data reveal that p27 degradation is associated with Src-mediated p27 threonine phosphorylation in proliferating RPTC.
Src, but not Fyn and Lyn, mediates RPTC proliferation. Because Src, Fyn, and Lyn are highly expressed in RPTC (Fig.  1) , we determined their individual roles in proliferation. RPTC were transfected with siRNA targeting Fyn, Lyn, or Src. As a control, RPTC were transfected with scrambled siRNA. While the gene-specific siRNA decreased expression of Fyn, Lyn, and Src ϳ60% compared with cells treated with scrambled siRNA at 48 h after transfection (Fig. 6 ), RPTC proliferation, using MTT and Brdu assays, only decreased in cells transfected with Src siRNA (Fig. 7) . In addition, transfection of Src siRNA in combination with siRNA specific to either Fyn or Lyn did not further inhibit RPTC proliferation than Src siRNA alone (data not shown). These results provide evidence that RPTC proliferation is specifically regulated by Src. The partial decrease in Src by siRNA is consistent with the partial decrease in RPTC proliferation.
Src siRNA decreases Akt phosphorylation and cyclin D1 expression, and increases p27 and p57 expression. We further examined the effect of decreased Src on Akt activation and expression of cell cycle proteins that are regulated by SFKs in RPTC. As shown in Fig. 8 , siRNA downregulation of Src decreased Akt phosphorylation and expression of cyclin D1, and increased p27 and p57 expression. These data are consistent with the results obtained using PP1, suggesting that Src is the major member of the SFK that mediates RPTC proliferation. Fig. 8 . Effect of Src siRNA on phosphorylation of Akt, or ERK1/2, and expression of cyclin D1, p27, or p57. RPTC were transfected with scrambled siRNA or Src siRNA and cultured for 48 h in DMEM with 0.5% FBS. Then, cells were incubated in the DMEM with 5% FBS for an additional 48 h, and then cell lysates were prepared and subjected to immunoblot analysis using antibodies to Akt, phospho-Akt, cyclin D1, p27, p57, or actin. A: representative immunoblots from 3 or more experiments. Expression levels of cyclin D1 (B), p27 (C), or p57 (D) were quantified by densitometry and expressed as means Ϯ SD (n ϭ 3). Fig. 9 . Schematic illustration of Src-mediated signaling pathway leading to RPTC proliferation. Src is activated in response of the bath serum containing a variety of growth factors (GF). Src-dependent activation of the PI3K/Akt pathway is required for upregulation of cyclin D1, whereas PI3K/Akt-independent pathway is associated with downregulation of p27 and p57.
DISCUSSION
The kidney has the ability to restore the structural and functional integrity of the proximal tubule after acute injury. During the recovery process, the surviving epithelial cells dedifferentiate, proliferate, and migrate to denuded areas, and then redifferentiate to restore the integrity of the epithelium (2, 12, 28, 45) . Tubular cell multiplication occurs locally in the internal milieu of the kidney and is subject to regulation by multiple growth factors following injury (2, 27, 28) . Although the growth factors exert their actions through distinct receptors, they may share a common signaling pathway(s) to regulate cell proliferation. In this study, we examined the role of SFKs in proliferation of RPTC using the pharmacological inhibitor PP1 and demonstrated that SFKs are critically involved in regulation of renal epithelial cell proliferation and cell cycle protein expression. Using RNA interference technology, we further showed that Src is the member of SFKs that mediate these responses in RPTC.
Src-mediated RPTC proliferation is through PI3K-dependent and -independent mechanisms. Previously, we demonstrated that the PI3K/Akt, but not ERK, pathway mediates proliferation of rabbit proximal tubular cell in primary cultures (43) . Here, we confirm this observation in RPTC and further demonstrate that Src mediates activation of the PI3K/Akt pathway and activation of Src/PI3/Akt pathway is required for upregulation of cyclin D1. As upregulation of cyclin D1 is an important mechanism that promotes cell progression, we suggest that PI3K/Akt pathway plays a role in transducing Src activation to cell cycle progression and renal epithelial cell proliferation. However, blocking the PI3K/Akt pathway only exhibited a partial inhibitory effect on cell proliferation, suggesting that other signaling pathways or mechanisms are also involved in these processes. In this regard, it has been reported that Src can activate Stat-3 and Stat-5b (1, 24), both of which mediate proliferation in other epithelial cell types (13, 25) . Further studies are needed to clarify the role of these two kinases in Src regulation of mitogenic signaling in RPTC.
Src also appears to regulate cell proliferation through modulating cell cycle inhibitor proteins. Recently, it has been reported that p27 stability can be regulated by Src via phosphorylation of tyrosines 87 and 88 (4). Phosphorylation of p27 at these sites impairs the Cdk2 inhibitory action of p27 and reduces its steady-state binding to Cdk2. As a result, Cdk2 is able to phosphorylate p27 at threonine 187. Phosphorylation of p27 at threonine 187 promotes the interaction of p27 with Skp2 ligase, which results in its degradation (4) . In agreement with this model, we demonstrate that blocking Src suppresses tyrosine phosphorylation of p27, phosphorylation of p27 at threonine 187, and increases expression of p27 in RPTC. In addition, we show that Src inhibition increases p57 expression and decreases its tyrosine phosphorylation. Compared with p27, the functional role of p57 is less characterized and the mechanism underlying Src regulation of p57 has not been elucidated. However, since Y88 is conserved in p57, it is possible that Src may also promote p57 proteolysis through phosphorylation and subsequent ubiquitination, similar to p27. Because expression of both p27 and p57 is associated with inhibition of cell cycle progression by regulating the progression from the quiescent state into the G1 phase and from the G1 phase into S-phase (26), we suggest that Src also regulates cell cycle progression and proliferation through p27 and p57 in RPTC.
Although p21 is expressed in renal epithelial cells, inactivation of SFKs by PP1 does not affect p21 expression. We suggest that p21 is not the target of SFKs. Interestingly, Hughes et al. (17) recently reported that a targeted disruption of the p27 gene, but not p21, decreased proliferation of renal epithelial cells following unilateral ureteric obstruction. In contrast, p21 expression has been reported to be associated with proliferation of glomerular epithelial cells and fibroblasts in the kidney (17) . Therefore, the role of p21 in regulating proliferation may be dependent on the cellular context.
It has been reported that proximal tubular cells expressed high levels of active Src after ischemia-reperfusion injury (35) . The remaining epithelial cells after injury may receive multiple signals to initiate proliferation. The oxidant exposure from the ischemia-reperfusion may directly activate Src or the EGF receptor (29, 34, 41) . In addition, a signal may result from autocrine/paracrine mechanisms in which a growth factor is released locally and binds to a growth factor receptor. For example, it has recently been shown that RPTC proliferation can be mediated by heparin-binding EGF produced through an autocrine/paracrine mechanism (44) . Finally, the bathing serum contains various growth factors that may initiate or propagate epithelial proliferation. Src is activated in response to a variety of growth factors including EGF (8), HGF (30), IGF-1 (21), and FGF (32) and the receptors for these growth factors are expressed in proximal tubular cells (27) . In all of these cases, Src activation may serve as an essential and common signaling mechanism regulating renal epithelial cell proliferation.
In summary, our results demonstrated that Src-mediated proliferation occurs by PI3K-dependent and -independent pathways in RPTC. Src-dependent activation of the PI3K/Akt pathway is required for upregulation of cyclin D1, whereas PI3K/Akt-independent pathway is associated with downregulation of p27 and p57 (Fig. 9) . Therefore, the potential role of Src in regulating renal regeneration warrants investigation in an animal model of ischemia-reperfusion-induced acute kidney injury.
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